The heat capacity (C p ) of gaseous carbon dioxide has been measured at -30°, 0°, +50°, and +90° C and at 0.5-, 1.0-, and 1.5-atmosphere pressure, with an accuracy of 0.1 percent. The flow calorimeter used was a modification of the one previously described by Scott and Mellors [1] 2 and Wacker, Cheney, and Scott [2] . In order to test the accuracy of the calorimeter, the heat capacity of oxygen was measured at 1 atmosphere at -30°, 0°, and +50°C.
Introduction
The large number of experimental values of the specific heat of carbon dioxide reported in the literature are in serious disagreement with 6ach other. Leduc, for the International Critical Tables [3] , attempted to evaluate and correlate all of the work, both experimental and theoretical, up to 1929. It is now thought that these ICT values are in considerable error. There have been two calorimetric measurements of the heat capacity since that time [4, 5] . There have also been at least two good sets of pressure-volume-temperature measurements [6, 7] and two calculations of the ideal gas heat capacity from spectroscopic data [8, 9] . There have been several compilations, based almost entirely on the combination of equations of state with spectroscopic values, of C° [10 to 13] . Values from several sources of the heat capacity in dimensionless units, C p /E, at 1 atmosphere and 0° C, are given here.
The present investigation was undertaken because of the impossibility of deciding which values to choose and because of the reluctance, on the part of some users of thermodynamic tables, to accept statistically calculated values without supporting experimental evidence.
Oxygen was chosen as a substance to test the accuracy of the apparatus, because its heat capacity is well known and because a pure sample is rather easily prepared. 1 This work was financed in part by the National Advisory Committee for Aeronautics. 2 Figures in brackets indicate the literature references at the end of this paper.
Materials
The oxygen was prepared by heating potassium permanganate as described by Scott [15] ajid by Hoge [16] . This is a method that has been shown to produce very pure oxygen. The vapor pressure of the sample at the temperature of boiling nitrogen was found to agree with the value calculated from Hoge's data [16] . During the course of the last series of measurements (those at -30° C), a small air leak in the apparatus was suspected. As soon as the measurements were completed, a portion of the sample was dissolved in alkaline pyrogallol to determine the purity; the amount of residual gaswas 0.2 percent, and it was assumed to be nitrogen from air that had leaked in.
Carbon dioxide was purified from commercial gas. that had been made from limestone. A large cylinder containing 20 lb of carbon dioxide was opened and the gas allowed to escape until less than half of the contents remained. Several hundred grams were then transferred to a small evacuated cylinder, which was then attached to a purification train. The sample was slowly sublimed from the cylinder and condensed in a glass trap at liquid N 2 temperature, while a high vacuum was maintained by pumping on the trap. Transfer to the final receiver was also accomplished by sublimation and condensation. About 600 g were prepared in this, way. The sample was tested several times for permanent gases by dissolving portions in concentrated potassium hydroxide and observing the volumes of residual gas. These were always less than 0.01 percent of the volume of the sample. A test performed by E. R. Weaver showed less than 0.001 percent of moisture.
Apparatus
The adiabatic flow calorimeter used in this work was a modification of one that was shown by Wacker, Cheney, and Scott [2] to give heat capacities reliable to better than 0.1 percent. The principal modifi-cation was the substitution of two resistance thermometers of nickel wire for the thermocouple previously used for measuring the rise in temperature of the heated gas. The main advantage of this substitution was that the thermometers could be calibrated in place at any time. A further advantage was that it could be demonstrated by the readings of the lower thermometer that the gas entering the calorimeter always reached the temperature of the bath, and that there was negligible heat leak "upstream" from the hot calorimeter to the incoming cold gas.
The flow calorimeter, as it was used, is shown in figure 1 . Most of the essential features are as described by Scott, et al. [1, 2] , but so many changes have been introduced that a brief description of the entire apparatus appears desirable. Scale drawing of flow calorimeter. A, Liquid nitrogen; B, constant-temperature bath; C, protecting cylinder; CR, copper rod; Fi and F2, flanges; Fl, felt insulation; Hb, bath heater; H c , calorimeter heater; H s , shield heater; H t , tube heater; I, inlet; J, bellows seal; M, mica spacer; MAN, manometer tubes; Ni and N2, nickel thermometers; O, outlet; P, propeller; R, bath-control thermometer; S, radiation shield; Ti, stirrer tube; T2, helical tube; TCi, tube thermel; TC2, shield thermel; Th, metal thimble; V, throttle valve; VAC, vacuum line; W, wax seal; X, vanes.
Con.stant-Temperature Bath
The calorimeter is immersed in the bath, B, the temperature of which was controlled by supplying electric power to the heater, H b . The stirring propeller, P, forced liquid down the brass tube, T u and over the copper resistance thermometer, R, which consisted of about 140 ohms of No. 37 AWG wire and which formed one arm of a Wheatstone bridge. An unbalance in the bridge circuit of 1 /*v corresponded approximately to 0.001 deg K. The circuit was ordinarily attached to the galvanometer in a Rubicon phototube amplifier, the output of which was fed to a proportionating heat-control amplifier developed by the Electronic Instrumentation Section of the Bureau. This arrangement gave automatic control of the bath temperature within 0.002 deg, provided there were no large disturbances. The copper thermometer bridge could be switched from the controlling galvanometer to a sensitive wall galvanometer for manual control, or the two galvanometers could be placed in series for momentary observation of the efficiency of control.
When controlling the bath below room temperature, refrigeration was required, and this was provided by the apparatus shown at the left of figure 1. A solid copper rod, CR, with copper vanes, X, at one end and a copper cylinder at the other was immersed in liquid nitrogen, A. The metal tube, (7, closed at the bottom end made the rate of heat transfer almost independent of the depth of the nitrogen in the dewar.
The bath liquid was a special light machine oil for temperatures above that of the room and an equivolume mixture of chloroform and carbon tetrachloride for temperatures below that of the room.
Flow Control
The source of gas flowing into the calorimeter is not shown in figure 1. For oxygen, this was a cylindrical brass boiler with heavy-copper vanes, wound with a heater and immersed in a cold dewar. The rate of flow was controlled by the power supplied to the heater on the boiler for evaporating the liquid oxygen. For carbon dioxide the boiler was replaced by a high-pressure system in which the carbon dioxide was contained in a steel cylinder immersed in melting ice. The pressure (34.38 atm) remained sufficiently constant for good flow control. The gas was admitted to the calorimeter, and its flow rate was controlled, by a very sensitive diaphragm valve. This valve was previously used by Osborne, Stimson, and Ginnings [17] for control of flow of highpressure water. A silver seat moving down against a stainless steel crater-rim cone with a very small opening provided the closing action.
Both the rate of flow and the mean pressure during an experiment were adjusted, controlled, and measured by following the readings of a three-column manometer, two columns of which were connected to the calorimeter as shown in figure 1, whereas the third was open to the atmosphere.
Calorimeter and Shield
The gas being investigated entered at / and passed through the helical tube, T 2 , where it was brought to the temperature of the bath. This tube passes into the vacuum jacket through the bellows joint, J, which was intended to prevent stresses caused by differential expansion.
The calorimeter, considered as the vertical tube between points Jand 0 through which the gas flowed, was constructed of thin-walled seamless Monel tubing. The various pieces were soldered together as nearly coaxially as possible, and the whole length was supported only at the two ends, and at M by a mica spacer. The copper thimble, Th, was used to provide a surface of higher temperature to protect the incoming cold gas from radiation; it was thermally a part of the calorimeter. The latter, with the exception of the necessary lead wires, was completely isolated from contact with surroundings from points M to 0. The thimble was gold-plated and polished ; the Monel tubing was covered with thin aluminum foil, except for a short length that was highly polished The copper radiation shield, S, was gold-plated and polished on the inside, and covered with aluminum foil on the outside. It was supported and centered by string spacers.
The temperature of the gas entering the calorimeter was measured by the nickel resistance thermometer, JVi; the gas passed over a system of baffles and went twice past the glass-silicone-insulated No. 36 AWG constantan heater, H c . The direction of flow was again reversed, and another system of baffles was encountered in the region where the exit temperature was measured with the nickel resistance thermometer, N 2 . Heat leak to the upper tube was opposed by supplying heat to a tube heater, H t , so that zero temperature gradient was maintained as indicated by a null reading of the copper-constantan thermocouple, TOi. Radiation to or from the outer surface of the calorimeter was reduced almost to zero by heating the shield with the heaters, H s , which were so arranged that any desired proportion of the heat could be supplied to the top half of the shield. The three junctions of the chromel-constantan thermocouple, TC 2 , could be read in summation or individually, and the attempt was made to keep all of the readings near zero. Heat transfer from the bath by gas conduction was eliminated by evacuating the brass jacket.
Leads were brought in through the wax seal, W, and were tempered nearly to bath temperature on the brass cylinder, F\. Leads from the thermometer, iVi, were taken directly to the brass ring, F 2 , and further tempered; all other leads were wound twice around the shield. All leads were of AWG No. 34 copper wire, silk-and-enamel insulated. All wires, whether heaters, thermometers, thermal junctions, or leads, were cemented to the metal surfaces with glyptal lacquer and afterward baked.
Each nickel thermometer consists of about 55 ohms of AWG No. 40 enameled nickel wire with four copper leads. The thermometers were calibrated by comparing with one or more platinum resistance thermometers suspended in the bath when helium was in the calorimeter jacket. It was found that the resistance of the nickel thermometers in use fluctuated slowly over a range corresponding to 3 or 4 mdeg during a period of 3 months. Consequently, spot checks of the calibration were made each day of heat-capacity measurements.
After leaving the calorimeter through the throttle valve, V, the gas went to one or the other of two receivers through a snap-throw valve, capable of changing the flow from one receiver to the other in less than 0.1 second. This valve in one of the two positions closed the clutch circuit of an interval timer that was driven by a special constant-frequency 60-cycle current, accurate to 0.02 second. This valve was the same one described by Wacker r Cheney, and Scott [2] . The receivers were kept at the temperature of liquid nitrogen.
A Leeds & Northrup G-2 Mueller bridge was used to measure resistances. The potential and current in the calorimeter heater were measured with a precision potentiometer, in conjunction with a calibrated standard resistor and a calibrated volt box. The circuits were essentially the same as those described bv Scott, Meyers, Rands, Brickwedde, and Bekkedahl [18] .
Method
The selection of the temperatures and pressures at which to measure the heat capacity of carbon dioxide was made to cover the working range of the calorimeter and obtain as many points as necessary. The usual assumption was made, that the error in an apparent heat capacity caused by heat leak would be inversely proportional to the flow rate. Consequently, at each temperature and pressure, a number of determinations were made over as wide a range of flow rates as was consistent with a reasonable time for measurement, with the size of sample, or with the capacity of the calorimeter.
The determinations of the heat capacity included the measurements necessary to obtain the three fundamental quantities: the mass rate of flow, F, of the gas through the calorimeter; the electric power, W, to the calorimeter heater; and the rise in temperature of the gas, AT.
A heat-capacity experiment was begun by adjusting both the valve, V, and the flow of gas to the calorimeter until the selected values for the mean pressure and pressure drop were obtained. Meanwhile, power was supplied to the heater and adjusted. Neither valve V nor the power supply were changed after the initial adjustment, all control being at the source of gas. Heat was also supplied to the shields. After a length of time that was inversely proportional to the rate of flow, a steady state was reached in which the heated portion of the calorimeter and the shield were at a constant temperature that was approximately 10 deg higher than the constant bath temperature. At this time the gas was directed by means of the snap-throw valve to the other (weighed) receiver, thus starting the measurement. Contin-uous measurements of the exit temperature (N 2 ) of the gas were made, and slight adjustments of the flow were made to keep that temperature constant within 0.03 deg. In addition to the measurements of the resistance of the thermometer, JV2, readings of current and potential of the heater, resistance of 2Vj and the bath thermometer, and heights of the three mercury columns were recorded as often as possible in connection with each run. When about the desired weight of sample had been collected and the temperature was nearly constant and the same as that at the start of the run, the experiment was terminated and the gas was redirected to the other container. The barometric pressure was also recorded, as well as the reading of the interval timer. The receiver was weighed on a large analytical balance, and the weight of sample was corrected for buoyancy.
"Blank" experiments were required in which the temperature drop, 5T, in the calorimeter was measured when no heat was applied. This temperature drop is chiefly due to Joule-Thomson cooling, but heat leaks and responsiveness of the nickel thermometers to the gas temperature usually contribute. The blank experiments were made with the bath temperature approximately at the mean temperature of the corresponding heat-capacity measurements, and they were made at the same mean pressures and over the same range of pressure drops as the heat-capacity experiments. The values of bTjAp were plotted as a function of Ap for each pressure
The apparent specific heat of the gas, (7, at the mean temperature and pressure of the experiment was computed by the relation 0= (AT+8T)' (1) The mean temperature, T m , of the experiment was calculated as the bath temperature plus AT/2. The average pressure, p m , in the region of the calorimeter between the thermometers iVi and N 2 was calculated, from the corrected manometer and barometer readings, as equal to the pressure at the entrance to the calorimeter minus three-eighths of the measured pressure drop, Ap. A consideration of the geometry of the calorimeter had led the authors to the opinion that the factor three-eighths is near the truth and that any uncertainty in this factor will not affect the result by a significant amount.
Results

Tests with Oxygen
All the heat-capacity data on oxygen from this investigation are given in [20, 21] from the spectroscopic and molecular data.
Heat Capacity of Carbon Dioxide
All of the heat-capacity data on carbon dioxide in this research are given in table 2. In addition, plots of all the experimental results at -30° and + 50° C are furnished in figures 3 and 4 to show the typical appearance of these plots and to indicate the precision. The value of C p (observed) for each point (col. 9), after adjusting for the differences between T m and p m and the nominal temperature and pressure (col. 8), is plotted against the reciprocal of flow rate (col. 1). The slopes and intercepts of the lines were first obtained by the method of least squares. As the heat leak, of which the slopes of these lines is a measure, would be expected to be independent of pressure, the three lines at each of the temperatures except 90° C were adjusted slightly to a constant average slope. A small but regular change of slope with pressure was noted at 90° C, and these lines were therefore unchanged from the least-square values. The intercepts of these lines are the desired values of C p and are listed in column 9 of [3] , and Quinn and Jones [22] have made studies that may be referred to. The most recent thermal measurements are those made by Kistiakowsky and Rice [5] by the isentropic expansion method. The values Two values interpolated in the National Bureau of Standards tables of " Selected values of chemical thermodynamic properties" [25] , which were recalculated by Wagman from the older calculations of Kassel [9] , are also given.
A consideration of the possible errors of the various measurements involved in these heat-capacity determinations, as well as the precision of the results, and the agreement of the observed and calculated heat capacities of oxygen, leads to the conclusion that the error in the final values of C V \R at each pressure should not exceed 0.1 percent. The extrapolated values of C°p/R should therefore be reliable to 0.15 percent.
Equation of State of Carbon Dioxide
It is assumed here that in the low-pressure region covered by these experiments the equation of state of carbon dioxide is of the form pV=RT+Bp, (2) where B is a function of the temperature. The thermodynamic relation of table 3 and plotted as circles in figure 5 . Also in figure 5 are shown curves representing the right-hand side of eq 3 obtained from (1) the recent pVT isotherms of MacCormack and Schneider [13] ; (2) the Berthelot equation, using the critical constants of Meyers and Van Dusen [26] ; and (3) the Lennard-Jones potential function [27, 28] . The dashed curve affords a comparison with other experimental work through the equation~l
f(^)> (4)
where the values of the Joule-Thomson coefficient jLt, and its derivative were obtained by interpolation in the tables of Roebuck, Murrell, and Miller [29] . A simple calculation shows that the quantity given by eq 3 is approximately 1 percent of the heat capacity and also 1 percent of the values of the second virial coefficient, in the region covered by this investigation. Therefore, if second virial coefficients could be determined to the same percentage accuracy as the heat capacities, the values of d(C p /R)/c>p calculated from the right-hand side of eq 3 would be about half as accurate (because of two differentiations) as those obtained from direct heat-capacity O, This research; , MacCormack and Schneider [13] ; , Joule-Thomson-Roebuck, Murrell and Miller [18] ; , Berthelot; , LennardJones 6-12 potential function. measurements. However, the limit of error generally to be expected from good pVT measurements, and that given by MacCormack and Schneider for their work [7] , is about 0.5 percent of the value of B in this region. As the heat-capacity measurements are thought to be good to 0.1 percent, the values of b(C p /R)/bp obtained in this research are about an order of magnitude more accurate than those calculated from second virial coefficients.
The comparisons made in figure 5 show that the Lennard-Jones function cannot be used successfully to calculate the equation of state of carbon dioxide. An attempt was made to fit new Lennard-Jones constants to the results of this research, but unreasonable values (b o =25 cm 3 mole" 1 and e/&=550°K) were obtained. The difficulties presented by ellipsoidal molecules such as carbon dioxide have been mentioned by others [28] .
The data of state of MacCormack and Schneider are evidently adequate to give good second derivatives of the second virial, as shown by figure 5 . Other empirical equations, such as van der Waals' and the Beattie-Bridgeman equation, give curves similar to the Berthelot equation.
